The mechanisms linking OSAS to cardiovascular disease remain unclear, but recent studies suggest that abnormal autonomic control may be a prime factor. For instance, studies utilizing peroneal microneurography or testing of plasma catecholamines have shown that sympathetic tone is substantially elevated in subjects with OSAS in both sleep and wakefulness. 4, 5 At the same time, heart rate variability (HRV) is markedly reduced, suggesting impaired parasympathetic control. 6, 7, 8 Indeed, it has been hypothesized that abnormal autonomic cardiovascular control may be a key factor in the causal chain of events that leads ultimately to systemic hypertension in patients with OSAS. 9 Assessment of autonomic function through measurement of muscle sympathetic nerve activity has been limited to the research setting since the technique requires considerable technical expertise and is highly susceptible to artifactual noise introduced by limb movement. 10 Measurements of plasma or urinary catecholamines are limited in sensitivity. 10 Previous application of autonomic stress tests has shown that these are also limited in sensitivity and, furthermore, depend critically on subject cooperation. 11 Although time-domain and spectral analyses of HRV have become highly popular tools for evaluating autonomic cardiovascular control due to the ease and noninvasiveness of heart-rate monitoring, 12 there are also drawbacks associated with this approach. First, the high-frequency band of the HRV spectrum, which is believed to reflect parasympathetic modulation of the sino-atrial node, can be highly confounded by differences in ventilation or changes in breathing pattern. 7, 13, 14 Second, the premise that the low-frequency band of the HRV spectrum provides a quantitative measure of sympathetic control has come under severe criticism. 15 In this paper, we propose an alternative approach that permits the derivation of the quantitative relationships that link the 3 key variables in question: heart rate, blood pressure (BP), and respiration. Our approach assumes the use of a mathematical model that allows fluctuations in R-R interval (RRI) to be partitioned into 3 components: one component directly related to respiration, the second related to fluctuations in BP, and the third, which reflects all other influences. Such a model permits the delineation of the fluctuations in heart rate that can be attributed to baroreflex mechanisms from those that are produced by the direct autonomic coupling between respiration and heart rate, better known as the respiratory sinus arrhythmia (RSA). Another advantage of this model-based approach is that it allows us to derive information not only of the gains, but also of the dynamic properties of these mechanisms. In this study, the model is applied to cardiorespiratory data measured in a group of untreated OSAS patients and a group of normal controls during spontaneous breathing. The results obtained are compared Study Objectives: To quantitatively assess autonomic cardiovascular control in patients with obstructive sleep apnea syndrome (OSAS) using a mathematical model that relates changes in R-R interval (RRI) to respiration and changes in systolic blood pressure (SBP), and to compare the results obtained with conventional techniques. Design: Respiration, RRI, and arterial blood pressure were monitored noninvasively in awake subjects in the supine and standing postures. A mathematical model was used to partition the fluctuations in RRI into a component ("RSA") correlated with respiration and a component ("baroreflex") correlated with fluctuations in SBP. Setting: Sleep disorders laboratory in a hospital setting. Patients or Participants: 11 middle-aged male patients with untreated OSAS (apnea-hypopnea index = 75.9 ± 11.1 (SE) events h-1) and 11 agematched normal controls (10 males + 1 female).
INTRODUCTION

THE ARGUMENT THAT THERE IS A CAUSAL LINK BETWEEN OBSTRUCTIVE SLEEP APNEA SYNDROME (OSAS) AND CAR-DIOVASCULAR DISEASE HAS GAINED A CONSIDERABLE AMOUNT OF SUPPORT FROM EPIDEMIOLOGICAL AND EXPER-IMENTAL LINES OF EVIDENCE OVER THE PAST FEW
YEARS. 1, 2, 3 The mechanisms linking OSAS to cardiovascular disease remain unclear, but recent studies suggest that abnormal autonomic control may be a prime factor. For instance, studies utilizing peroneal microneurography or testing of plasma catecholamines have shown that sympathetic tone is substantially elevated in subjects with OSAS in both sleep and wakefulness. 4, 5 At the same time, heart rate variability (HRV) is markedly reduced, suggesting impaired parasympathetic control. 6, 7, 8 Indeed, it has been hypothesized that abnormal autonomic cardiovascular control may be a key factor in the causal chain of events that leads ultimately to systemic hypertension in patients with OSAS. 9 Assessment of autonomic function through measurement of muscle sympathetic nerve activity has been limited to the research setting since the technique requires considerable technical expertise and is highly susceptible to artifactual noise introduced by limb movement. 10 Measurements of plasma or urinary catecholamines are limited in sensitivity. 10 Previous application of autonomic stress tests has shown that these are also limited in sensitivity and, furthermore, depend critically on subject cooperation. 11 Although time-domain and spectral analyses of HRV have become highly popular tools for evaluating autonomic cardiovascular control due to the ease and noninvasiveness of heart-rate monitoring, 12 there are also drawbacks associated with this approach. First, the high-frequency band of the HRV spectrum, which is believed to reflect parasympathetic modulation of the sino-atrial node, can be highly confounded by differences in ventilation or changes in breathing pattern. 7, 13, 14 Second, the premise that the low-frequency band of the HRV spectrum provides a quantitative measure of sympathetic control has come under severe criticism. 15 In this paper, we propose an alternative approach that permits the derivation of the quantitative relationships that link the 3 key variables in question: heart rate, blood pressure (BP), and respiration. Our approach assumes the use of a mathematical model that allows fluctuations in R-R interval (RRI) to be partitioned into 3 components: one component directly related to respiration, the second related to fluctuations in BP, and the third, which reflects all other influences. Such a model permits the delineation of the fluctuations in heart rate that can be attributed to baroreflex mechanisms from those that are produced by the direct autonomic coupling between respiration and heart rate, better known as the respiratory sinus arrhythmia (RSA). Another advantage of this model-based approach is that it allows us to derive information not only of the gains, but also of the dynamic properties of these mechanisms. In this study, the model is applied to cardiorespiratory data measured in a group of untreated OSAS patients and a group of normal controls during spontaneous breathing. The results obtained are compared against corresponding findings computed via spectral analysis, as well as with quantitative indices derived from autonomic stress tests in the same subjects.
METHODS
Experimental Procedures
Eleven patients with untreated OSAS (Group "O") and eleven healthy controls (Group "C") participated in the study following informed consent . Selection of patients was based on the criteria that they should have moderate-to-severe OSAS (AHI > 20) but have no history of lung disease, cardiac arrhythmia, congestive heart failure, or diabetes. Mean AHI (± SE) for the OSAS group was 75.9 ± 11.1 events h -1 . There was no difference in age between the subject groups, but the body-mass index of the OSAS subjects was significantly higher than that of the controls (P<0.001). All subjects were male, except for one female in the control group. Subject characteristics are detailed in Table 1 . Three OSAS patients (subjects O3, O9 and O10) were hypertensive and were allowed to remain on medication for safety reasons. All 3 hypertensive patients used calcium-channel blocker medications: subject O3 was on diltiazem, while subjects O9 and O10 were on felodopine.
Breathing was monitored using calibrated respiratory inductive plethysmography (Respitrace, Ambulatory Monitoring, Inc., Ardsley, NY). Since the experimental protocol required the measurement of ventilation in the supine and standing postures, calibration of the respiratory inductive plethysmograph was performed separately in both positions. Arterial blood pressure (BP) was monitored continuously using finger arterial plethysmography (Finapres, Model 2350, Ohmeda, Boulder, CO). The electrocardiogram (ECG) was measured using a 3-lead system and amplified using a Model BMA-831 bioamplifier (CWE Inc., Ardmore, PA).
All studies were carried out during wakefulness in a well-lit room. The subject lay supine and was told to relax but to keep his or her eyes open. Following initial calibration procedures, ECG, BP, and spontaneous respiration were recorded for 5 minutes once these signals achieved relatively stable levels. Subsequently, the following autonomic stress tests were performed: a. Heart-rate response to deep breathing: Relying on a visual indicator displayed on the computer monitor for timing, the subject inhaled deeply over 5 s and then exhaled slowly over the next 5 s for a total of 6 breaths, while the ECG was recorded. This procedure was performed in the supine posture. To minimize subject anxiety and maximize comfort level, there were no constraints placed on what tidal volumes consituted "deep" breathing. However, subsequent analysis of the data showed that the average tidal volume during this procedure was 1.17 ± 0.11 liters in the normal subjects and 1.21 ± 0.15 liters in the OSAS group.
b. Cardiovascular response to Valsalva maneuver: Wearing a noseclip, the subject blew into a mouthpiece (with small leak near the distal end) that was connected to a manometer. He or she was instructed to maintain the manometer dial reading at approximately 40 mm Hg over a duration of 15 s. ECG and BP were measured during the maneuver, as well as up to 1 minute after the abrupt release of strain. This test was performed in the supine posture.
c. Blood pressure response to sustained handgrip: While remaining in the supine position, the subject maintained a pressure of 30% of the maximal handgrip pressure on a dynamometer for 3 minutes. The ECG and BP were recorded before and during the procedure.
d. Heart-rate response to standing: The ECG was recorded while the subject rose abruptly from the supine to upright position. The hand bearing the Finapres cuff was maintained at the level of the heart during this procedure.
Following the last autonomic stress test ("d" above), the subject remained in the standing posture while the respiratory inductive plethysmograph was recalibrated. After an equilibration period of at least 10 minutes following the postural change, ECG, BP, and respiration were again recorded for a duration of 5 minutes.
The respiratory signal was digitized at 10 Hz, while ECG and BP were sampled at 200 Hz. All signals were recorded and stored in an IBM-compatible computer using custom-designed software based on the Matlab programming environment (Mathworks, Natick, MA).
Data Analysis
The R-R interval (RRI), systolic blood pressure (SBP) and diastolic blood pressure (DBP) were derived on a beat-to-beat basis from the ECG and arterial blood pressure signals off-line. 16 The beat-to-beat signals were each converted into the equivalent uniformly spaced time-series (sampling rate = 2 Hz), using a resampling algorithm similar to that of Berger et al. 17 Respiration was also resampled at 2 Hz. To eliminate slow nonstationary trends, polynomials up to the fifth order were fitted to and subtracted from these signals prior to further analysis. Means and standard deviations were computed from the detrended data.
The summary cardiovascular measures that were extracted from the data and subjected to statistical analysis were mean RRI, RRI variability (ie., standard deviation of RRI about the mean), mean SBP, SBP variability (ie., standard deviation of SBP), mean DBP, and DBP variability (ie., standard deviation of DBP). Power spectral analysis for the RRI time series was performed using the Welch method with Hanning windowing. 16 Power in each of the following frequency bands was computed by determining the area under the power spectral density curve bounded by the bandwidth in question: very low frequency (VLF: 0.01 -0.04 Hz), low frequency (LF: 0.04 -0.15 Hz), and high frequency (HF: 0.15 -0.4 Hz). Normalized HF power (NHFP) was determined by dividing HF power by the total spectral power of HRV between 0.04 and 0.4 Hz. This spectral index frequently has been taken to quantify parasympathetic control of heart-rate variability. We also computed the ratio (LHR) between LF and HF spectral power. This ratio has been used to represent the balance between sympathetic and parasympathetic modulation of heart rate. 18 Similar spectral analysis procedures were also applied to the SBP and DBP signals in order to deduce the respective powers of the low-frequency band: LFP SBP and LFP DBP . These spectral indices have been employed to represent sympathetic modulation of peripheral vascular resistance. 19 Using the SBP and RRI time-series, two measures of baroreflex sensitivity (BRS) were computed for comparison with the baroreflex gain estimated from the model (see below). These were: (a) BRS seq , assessed using the "sequence" method. Here, the ratios between short (3-4 beat) increases/decreases in SBP and corresponding or subsequent increases/decreases in RRI were computed and averaged 20 ; (b) BRS α , computed from the power spectra of SBP and RR in the following manner 21 :
where P RR and P SBP represent the spectral powers of RRI and SBP, respectively, in the low-frequency (0.04-0.15 Hz) and high-frequency (0.15-0.45 Hz) bands.
The following indices were derived from the measurements acquired during the autonomic stress tests: (a) Valsalva Ratio: The Valsalva Ratio was computed by dividing the longest RRI during release of the Valsalva maneuver by the shortest RRI during the maneuver. (b) Expiratory-inspiratory ratio: The mean of the maximum RRI during the 6 expiratory phases of the deep breathing procedure was calculated, along with the mean of the minimum RRI during the corresponding 6 inspiratory durations. The expiratory-inspiratory ratio was computed by dividing the mean of maximum RRI by the mean of minimum RRI. (c) Heart-rate response to standing ratio: This index was computed from the ratio of the 30 th RRI to the 15 th RRI after the subject had assumed the fully upright posture. (d) Diastolic pressure response to sustained handgrip: This response was determined from the maximum increase in DBP from baseline attained during the 3-minute handgrip test. (e) Valsalva systolic overshoot: This index was computed by subtracting the baseline SBP prior to the Valsalva maneuver from the peak SBP attained following the maneuver.
The first three autonomic stress test parameters are presumed to yield information about parasympathetic control of heart rate, while the last two have been taken to quantitate sympathetically mediated cardiovascular function. 22, 23 The Model
We assumed that the fluctuations in RRI (∆RRI(t)) representing heartrate variability were composed of : (1) ( 1) rate ("RSA"), (2) fluctuations mediated by the arterial baroreflexes ("ABR") as a consequence of fluctuations in BP, and (3) all other influences unrelated to RSA and ABR. A schematic diagram of this model is shown in Figure 1 . The model was represented mathematically by the following equation:
where T rsa and T abr are the latencies associated with the RSA and ABR mechanisms, respectively, and w(t) represents the stochastic component of ∆RRI(t) plus any contributions not accounted for by these two mechanisms. The model was assumed to be linear, and thus, complete characterizations of RSA and ABR dynamics could be obtained from their respective impulse responses. The ABR impulse response, h abr (t), for instance, quantifies the time-course of the change in RRI resulting from an abrupt increase in SBP of 1 mm Hg. The RSA impulse response, h rsa (t), may be considered as reflecting the time-course of the fluctuation in RRI following a very rapid inspiration and expiration of 1 liter of air. These impulse responses were assumed to persist for a maximum duration of M sampling intervals. Based on the lengths of our datasets and preliminary analyses, we found 90 to be a suitable choice for M. The details of the computational procedures required for estimating h abr (t) and h rsa (t) are given in Appendix 1. A table listing all the abbreviations and parameter symbols employed in this paper is given in Appendix 2.
In order to facilitate the statistical comparison of the estimated impulse responses between and within subjects, we derived scalar descriptors representing the properties related to gain and time-course of each response. These descriptors were: (1) Impulse Response Magnitude (IRM), computed as the difference between the maximum and minimum values of the estimated impulse response.
(2) Dynamic Gain (DG), computed by first taking the Fast Fourier Transform of the estimated impulse response to obtain the corresponding transfer function and calculating the average of the transfer function gains between 0.04 and 0.45 Hz. This range covers the span of frequencies pertinent to heart rate and BP variability. (3) Characteristic time (τ c ), which provides a measure of the latency following which the bulk of the impulse response occurs, and defined as:
Statistical Analysis
Prior to statistical testing, each of the aforementioned descriptors were tested for normality. If the normality assumption was not satisfied, logtransformation was performed. For statistical comparison of the results between normals and patients in supine and upright positions, two-way repeated-measures analysis of variance was used, with "posture" (supine/standing) as repeated factor and "group" (normal/OSAS) as the unrepeated factor. To discount the potential confounding effects of the calcium-channel blocker medications taken by the 3 hypertensive OSAS patients, we also applied the two-way repeated measures analysis of variance to a reduced database comprising only normotensive subjects (11 normals vs 8 OSAS). The Pearson coefficient was used to determine the degree of linear correlation between the model-based estimates of baroreflex gain and the measures of baroreflex sensitivity derived from the spectral and sequence methods. A P-value below 0.05 was assumed to indicate significance of the effect. Unless otherwise stated, all results are presented as mean ± standard error.
RESULTS
Sample Data
Representative segments of data obtained from one of the control subjects and an OSAS patient are displayed in Figure 2 . Although the average minute ventilation in both subjects were closely similar (4.59 L min -1 in the control subject and 4.62 L min -1 in the OSAS subject), the breathing patterns were clearly quite different (top panels, Fig.2 ): there was a greater degree of irregularity in the OSAS patient's respiration, even though these data were recorded during wakefulness. The variability in respiration between and within subjects underscores the need to control the breathing pattern or computationally account for these differences when using HRV to make inferences about autonomic control. SBP and DBP were higher in this OSAS patient relative to the control subject (Fig.2 , middle panels). Mean RRI is higher and the respiratory modulation of RRI is noticeably stronger in the control versus the OSAS subject (Fig.2 , bottom panels). 
Summary Cardiovascular Measures
Figure 3-Summary of the results (shown as means with standard error bars) obtained from the standard autonomic stress tests. There were no differences between controls (unfilled bars) and OSAS subjects (filled bars) in Valsalva ratio (VR), ratio of expiratory to inspiratory durations (EIR), increase in diastolic pressure in response to sustained handgrip (∆ DBP HG ) and Valsalva systolic overshoot (VSO). However, the heart-rate response to standing (R30/15) was higher in controls versus OSAS.
(2)
showed any differences between the subject groups. Changing posture from supine to standing led to significant changes in all cardiovascular measures in both groups: mean RRI and RRI variability decreased upon standing whereas the mean levels of BP and BP variability increased. These changes are consistent with the well-known effects of sympathoexcitation and vagal withdrawal during orthostatic tilt. 18 Restricting the statistical analysis to only normotensive subjects led largely to the same conclusions presented above. In the 8 normotensive OSAS subjects, mean RRI was 762.1 ± 31.8 ms supine and 679.7 ± 24.9 ms standing: mean RRI in the OSAS group remained significantly lower than mean RRI in the controls (P=0.014). In the reduced OSAS group, mean DBP was 63.2 ± 2.6 mm Hg supine and 85.1 ± 4.4 mm Hg standing; these values were significantly higher than the corresponding mean DBP values in the controls (P=0.016). On the other hand, the differences in RRI variability between subject groups failed to attain statistical significance when the consideration was limited to only normotensive subjects; in the 8 normotensive OSAS patients, RRI variability was 33.8 ± 8.7 ms supine and 23.3 ± 2.6 ms standing.
Spectral Indices of Cardiovascular Variability
Changing from the supine to standing posture led to a decrease in NHFP (P=0.001) and concommitant increase in LHR (P=0.002). At the same time, standing led to a doubling of both LFP SBP and LFP DBP (P=0.001 in both cases). These changes again are consistent with increased sympathetic tone and reduced vagal activity during standing. 18 On the other hand, there was no significant difference between controls and OSAS patients in each of these spectral indices. These results are detailed in Table 3 . There remained no differences in spectral measures of heart-rate variability and BP variability between the 2 subject groups when consideration of the OSAS group was limited to only normotensive subjects.
Autonomic Stress Tests
As shown in Figure 3 , there were no differences between controls and OSAS subjects in 4 of the 5 stress tests: Valsalva ratio (Control: 1.69 ± 0.11 vs OSAS: 1.63 ± 0.12), expiratory-inspiratory duration ratio (Control: 1.30 ± 0.04 vs OSAS: 1.20 ± 0.06), BP response to sustained handgrip (Control: 19.5 ± 2.0 vs OSAS: 26.7 ± 4.4) and Valsalva systolic overshoot (Control: 31.2 ± 3.6 vs OSAS: 36.5 ± 3.9). Only the heartrate response to standing demonstrated a significant difference (P < 0.001): the ratio of the 30 th RRI to the 15 th RRI following the transition to standing was higher in normals (1.30 ± 0.07) compared to OSAS subjects (1.03 ± 0.02). This test remained the only autonomic function procedure that showed a significant difference (P=0.010) between the control and OSAS groups when consideration was limited to only normotensive subjects. In this case, the ratio of the 30 th to 15 th RRI following transition to standing was 1.04 ± 0.03 in the normotensive OSAS subjects.
Estimated Model Impulse Responses
The key features of the estimated impulse responses in both groups of subjects were consistent with what is known about the underlying physiological responses. The RSA impulse response ( Figure 4 , left panels) showed an initially large negative dip followed by a positive overshoot, reflecting an acceleration of heart rate during much of inspiration and deceleration in expiration. An interesting finding was that the initial acceleration of heart rate began occurring approximately 1 second before the start of mechanical inspiration. This observation has been noted in previous studies. 24, 25 A likely explanation is that, although the neural modulation of heart rate and the drive to breathe may be synchronous, the mechanical manifestation of inspiration takes some time to develop. The ABR impulse response showed a fast positive peak between 1 and 2 seconds, followed by smaller subsequent undershoot. The positive early phase is consistent with baroreflex dynamics, representing the rapid increase in RRI (or slowing of heart rate) that follows an increase in SBP. Figure  4 (right panels) shows that the normal subjects had ABR impulse responses that were larger in magnitude compared to OSAS. Furthermore, changing to the standing posture led to reductions in the magnitudes of these impulse responses in both subject groups. As well, in both groups, standing prolonged the time-courses of these impulse responses. a Probability of incorrectly concluding that there is a significant difference in parameter values between the 2 subject groups, regardless of posture. b Probability of incorrectly concluding that postural change leads to significant changes in the parameter values in both subject groups. c Probability of incorrectly concluding that the changes in parameter values resulting from postural change in one group are significantly different from those exhibited by the other subject group. *Significant different P-value. a Probability of incorrectly concluding that there is a significant difference in parameter values between the 2 subject groups, regardless of posture. b Probability of incorrectly concluding that postural change leads to significant changes in the parameter values in both subject groups. c Probability of incorrectly concluding that the changes in parameter values resulting from postural change in one group are significantly different from those exhibited by the other subject group. *Significant different P-value.
Estimated Model Parameters
3 times higher in normals relative to OSAS subjects ( P = 0.001 in both cases). Consistent with the expected increase in sympathetic tone and withdrawal of parasympathetic tone, standing led to a substantial reduction in these gains in both groups (P=0.001). However, there were no significant differences in characteristic time or response latency. Both measures of ABR gain were roughly 50% higher in the normals compared to OSAS (P=0.016 for IRM and P=0.012 for DG), but changes in posture did not affect these gains in both groups. Characteristic time and response latency were also not significantly different between groups or with different postures. Both gain parameters were significantly correlated with baroreflex sensitivity, determined by both spectral and sequence techniques. For instance, the correlation coefficient between ABR IRM and BRS α was 0.69 (P<0.0001) while the corresponding correlation with BRS seq was 0.46 (P<0.002). In the supine condition, BRS α was 12.6 ± 1.8 ms mmHg -1 in normals compared to 5.0 ± 1.0 ms mmHg -1 in OSAS (P<0.001). The corresponding group-averaged values for BRS seq were 9.3 ± 0.5 ms mmHg -1 in normals versus 7.1 ± 0.4 ms mmHg -1 in OSAS (P=0.006). Changing from the supine to standing postures led to significant reductions in both BRS α and BRS seq (P<0.005).
Comparison of the model parameters in the control subjects to the subset of normotensive OSAS patients led to the same conclusions. RSA IRM remained substantially lower in these OSAS subjects (P=0.012): 117.8 ± 48.5 ms L -1 supine and 40.5 ± 6.3 ms L -1 standing. RSA DG also remained lower in OSAS (P=0.008): 174.7 ± 74.1 ms L -1 supine and 61.7 ± 10.2 ms L -1 standing. ABR IRM in the normotensive OSAS subjects was 1.97 ± 0.76 ms mmHg -1 supine and 1.01 ± 0.21 ms mmHg -1 standing, while ABR DG in these subjects was 2.98 ± 1.26 ms mmHg -1 supine and 1.48 ± 0.24 ms mmHg -1 standing; these parameters were lower than the corresponding estimates in the control group (P<0.05).
DISCUSSION
Previous studies have employed standard cardiovascular reflex tests to evaluate autonomic function in patients with OSAS, but the resulting findings have been quite variable. Veale et al 26 found abnormal responses in some of the parasympathetic tests, but the tests of sympathetic activity were not conclusive. On the other hand, Cortelli et al 27 reported abnormally high levels of sympathetic activity along with normal or increased parasympathetic activity, while another group found no difference between OSAS and normal subjects. 28 In the present study, the results of four out of five tests showed no differences between normals and OSAS. However, the heart-rate response to standing was greater in normals compared to OSAS, suggesting impaired parasympathetic function in the latter group. One of the main drawbacks of autonomic stress testing is that different batteries of tests are employed in different clinics or laboratories, making it difficult to make comparisons across studies. Another major problem is that these tests require varying levels of subject cooperation, and differing levels of attention or anxiety may lead to inter-and intrasubject variability in test results. 29 Although mean RRI and RRI variability were lower in the OSAS subjects compared to normal controls, we found no difference in the spectral indices of HRV. In contrast, several previous studies have reported significantly diminished HF power and enhanced LF power in the HRV spectrum of awake OSAS patients. [6] [7] [8] We believe that a principal reason for this discrepancy lies in our selection of short (~5 minutes) data segments for analysis. The differences in ventilation and breathing pattern are likely to be greater between short data segments, and these are likely to exert confounding effects on the interpretation of the HRV spectrum. 7, 14 On the other hand, the advantage of analyzing short data segments is that the effects of nonstationarity on the spectral estimates are minimized under such conditions; 12 furthermore, in clinical testing, it is always easier to obtain artifact-free data over monitoring durations that are short. Unlike autonomic stress testing and power spectral analysis, which involved only univariate analysis of RRI or BP, the third approach employed a multivariate model that enables the estimation of the dynamic relationships linking respiration and changes in BP to fluctuations in RRI. In doing so, it allowed us to quantify the gains and temporal characteristics of the main physiological mechanisms that underlie these relationships. The advantage of such an approach may be better appreciated by considering the data displayed in Figure 2 . Here, HRV was clearly much lower in the OSAS subject (bottom panels). On the other hand, SBP and DBP fluctuations were not different between the two subjects (middle panels). If one were to assume that the breathing patterns of the two subjects were similar, then one would conclude that depressed baroreflex gain was responsible for the diminished HRV in the OSAS individual. However, the plots of respiration in these subjects show that they are quite different, although the average ventilation was similar. Tidal volume was clearly larger and less variable in the normal compared to the OSAS patient, but in the latter subject, respiratory frequency was higher on average. Thus, if one were to take these additional observations into consideration, one might be led to a different conclusion: ie., the reduced HRV in the OSAS subject may be due to decreased central respiratory-heart rate coupling (decreased RSA gain). The multivariate model is useful in resolving this uncertainty by providing a clear delineation of the baroreflex-related component of HRV from the RSAmediated component. Although there are differences in mathematical formulation with the model presented here, similar model-based approaches relating BP and respiration to HRV have been employed by other researchers. [30] [31] [32] However, none of the previous studies have been applied to assess autonomic function in OSAS. A major difference between this study and another recent study by our laboratory, 33 in which an extended version of this approach was applied to determine the effects of long-term continuous positive airway pressure (CPAP) therapy in OSAS, is that, here, the subjects were allowed to breathe spontaneously; in contrast, in the other study, the experiment necessitated the use of a randomized breathing protocol. Spontaneous breathing is clearly more advantageous from a practical standpoint, since the need for subject cooperation is minimized. Furthermore, randomized breathing requires mental concentration, which could induce variable levels of stress in different individuals and thus affect autonomic function. 34 Based on our model analysis, we found RSA gain to be substantially depressed in OSAS: RSA gain in OSAS was found to be approximately one-third its average value in normals. But there were no significant differences in the timing components of the RSA impulse response. Since the RSA mechanism is known to be mediated almost exclusively through parasympathetic control, 24, 35 the substantially depressed RSA gain implies impairment of the parasympathetic control of heart rate in OSAS. This result is consistent with previous findings from our laboratory, 14, 36 as well as with the conclusions derived in other studies. 8, 26, 37 Orthostatic stress induced by postural change from supine to standing led to dramatic reductions in RSA gain in both normals and OSAS subjects. On average, RSA gain in normals while standing was roughly the same as that in OSAS in the supine posture. This observation is compatible with reports by others that support the notion that orthostatic stress leads to sympathetic excitation and vagal withdrawal. 12, 18, 19 Baroreflex gain was found to be approximately half as large in the OSAS subjects compared to normals, but the time-course of baroreflex dynamics was not significantly different. Although baroreflex control of heart-rate is primarily mediated by changes in parasympathetic activity, baroreflex sensitivity is known to be inversely correlated with sympathetic tone. 38 Thus, the depressed baroreflex sensitivity may be taken to reflect increased sympathetic tone in OSAS. Diminished baroreflex sensitivity has been noted in other cardiovascular diseases in which there is abnormal elevation of sympathetic tone, eg., myocardial infarction 39 and congestive heart failure. 40 Our findings are also consistent with a number of previous studies that reported reduced baroreflex sensitivity in OSAS. 41, 42 On the other hand, there have also been studies that have found no difference in baroreflex sensitivity. 43, 44 For instance, Narkiewicz et al 44 found a selective impairment of the sympathetic response to baroreceptor deactivation but not to baroreceptor activation in normotensive OSAS patients; furthermore, baroreflex control of heart rate was not different from age-and weight-matched controls.
A number of limitations in this study may have amplified the differences in model parameter estimates between the OSAS and control groups. First, 3 of the 11 OSAS subjects had systemic hypertension: hypertensives are known to have depressed baroreflex sensitivities 45 . To minimize the contribution of hypertension to our findings, we repeated our statistical analyses using only data from the normotensive OSAS patients. We found that exclusion of the hypertensive subjects did not alter our conclusion that OSAS lowers RSA and ABR gains. Another limitation is that our OSAS subjects were significantly higher in bodymass index than the normal controls. Previous studies have suggested that obesity may contribute independently to elevated sympathetic drive. 46 On the other hand, recent work has demonstrated that muscle sympathetic nerve activity in obese subjects without sleep apnea was no different from the corresponding measurement recorded in normalweight subjects. 47 Thus, it is possible that the apparently higher sympathetic drive previously reported in obese subjects may have been due simply to the inclusion of individuals with OSAS. 48 The OSAS patients in the present study were also part of a larger group who were subsequently placed on long-term CPAP therapy and reassessed after several months of treatment. 33 We found that the patients who were compliant with the prescribed home therapy showed significant increases in RSA and ABR gains, while those were not compliant did not register any change in these measures of autonomic function. A comparison of bodymass index before CPAP therapy with the corresponding measurement after therapy showed no significant difference. For these reasons, it is unlikely in the present study that obesity played a major role in contributing to the lower RSA and ABR gains in the OSAS group. A final limitation of this study is that the use of the Finapres system for measuring continuous BP probably led to significant underestimation of mean DBP in our subjects. 49 However, the bias was likely to have been similar in both subjects groups, and, therefore, we believe our finding of an elevated DBP in the OSAS group remains valid. Moreover, this limitation does not affect the validity of the 3 methods of autonomic function assessment that we have evaluated in this study, since these methods rely on changes in BP rather than measurements of absolute pressure. Indeed, several studies have demonstrated that Finapres accuracy and precision are adequate for the reliable tracking of changes in BP. 50 Both model-based measures of baroreflex gain were significantly correlated with estimates of baroreflex sensitivity computed by the spectral and sequence techniques. However, a notable feature is that the change from supine to standing postures led to significant reductions in BRS α and BRS seq , whereas there was no change in either of the model-based measures of baroreflex gain. This finding is similar to a recent report by Lucini et al., 32 in which normal subjects were studied at rest in the supine and standing postures. Employing a linear multivariate model to dissociate the purely arterial component of baroreflex sensitivity (equivalent to our "ABR" component) from the respiratory-related component, they found that the former component was not affected by postural changes, even though the "lumped" baroreflex sensitivity, determined via the spectral technique, was substantially diminished with standing. Further support may be derived from another study 51 in which the authors found the slope of the heart-rate response to baroreceptor stimulation via neck suction in humans to be unchanged by postural change. Taken together, these findings suggest that the estimates of "baroreflex sensitivity" deduced from the spectral and sequence techniques are profoundly influenced by "external factors" not taken into consideration in the respective computations. Since the most powerful of these "external factors" under spontaneous, resting conditions is respiration, it should not be surprising to see that these indices of baroreflex sensitivity (BRS α and BRS seq ) also contain a substantial contribution from the RSA mechanism. Thus, the postural changes observed in BRS α and BRS seq are likely the result of the posture-induced changes in RSA gain.
In conclusion, we employed 3 methods to assess autonomic cardiovascular function in patients with untreated OSAS and in normal controls: standard autonomic stress testing, power spectral analysis of heart rate and BP, and a model-based approach. The model-based approach showed the greatest sensitivity in detecting abnormal autonomic function in the OSAS group. The model analysis allowed us to estimate RSA and baroreflex gains, which were both found to be substantially depressed in OSAS. These results were derived from short data recordings (~5 minutes) in which no interventions were imposed and the subject was allowed to breathe spontaneously. The model-based approach represents a relatively nonintrusive and economical means of quantifying the key aspects of autonomic control in OSAS patients during wakefulness.
APPENDIX 1 Estimation of the Model Impulse Responses
To reduce the number of parameters to be estimated, each of the unknown impulse responses in Equation (2) was expanded as the sum of several weighted Laguerre basis functions 52 : where the L j (t) represents the j-th order discrete-time orthonormal Laguerre function, and c j abr and c j rsa are the corresponding unknown weights that are assigned to L j (t) in the ABR and RSA impulse responses, respectively. L j (t) is defined as follows over the interval 0 ≤ t ≤ M-1: and , 0 ≤ j ≤ q abr , q rsa q abr and q rsa represent the total number of Laguerre functions used in the expansion of the ABR and RSA impulse responses, respectively. In Equations (A3a) and (A3b), the parameter α (0 < α < 1) determines the rate of exponential decline of the Laguerre functions, and is selected such that, for given M, q rsa and q abr , the values of the constructed impulse response become insignificant as t approaches M. Substituting Equations (A1) and (A2) into Equation (2), we obtain, after some algebraic manipulation:
where u j (t) and v j (t) are new derived variables, defined as follows: Equation(A4) becomes the new linear relation with unknown parameters c j rsa (0 ≤ j ≤ q abr ) and c j abr (0 ≤ j ≤ q rsa ) that can be estimated using leastsquares minimization. However, note that Equation (A4) contains far fewer unknown parameters ( q rsa + q abr << 2M) than Equation (2) .
The least-squares minimization procedure described above was repeated for a range of values for the delays (T abr and T rsa ) and Laguerre function orders (q abr and q rsa ). For each combination of delays and Laguerre function orders, a metric of the quality of fit, known as the "minimum description length" (MDL), was computed 53 . MDL was computed as follows:
where J R is the variance of the residual errors between the measured data and the predicted output. Note that MDL decreases as J R decreases but increases with increasing model order. Selection of the "optimal" candidate model was based on a global search for the minimum MDL; in addition, this "optimal" solution had to satisfy the condition that the crosscorrelations between the residual errors and past values of the two inputs (∆V(t) and ∆SBP(t) were statistically indistinguishable from zero. Once the optimal parameter values were determined, the ABR and RSA impulse responses were computed using Equations (A1) and (A2). q abr and q rsa each ranged from 6 to 8. 
